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bstract

esults from an investigation of chemical vapor deposition of aluminum oxide from dimethylaluminum isopropoxide as a function of deposition

emperature at a total pressure of 1.5 mTorr are reported. An effective activation energy for this process was determined to be 85 kJ/mol. Deposited
lms were shown to be oxygen-rich compared to Al2O3, with higher deposition temperatures resulting in films closer to stoichiometric alumina.
arbon content of the films increased from approximately 1 to 8 at.% at substrate temperatures of 417 and 659 ◦C, respectively.
2010 Elsevier Ltd. All rights reserved.
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. Introduction

Trimethylaluminum (TMA) and aluminum tri-isopropoxide
AIP) have been used as precursors for the chemical vapor depo-
ition (CVD) of aluminum oxide.1 Having a relatively high
apor pressure (approximately 90 Torr) at moderate temper-
tures (60 ◦C) makes TMA an attractive CVD precursor for
luminum and aluminum-based materials. Trimethylaluminum
ontains no oxygen, with each aluminum atom bonded to three
arbon atoms. TMA therefore needs a secondary oxygen source
o produce aluminum oxide. Also, TMA is pyrophoric which

akes it unattractive from a safety standpoint. Aluminum tri-
sopropoxide is structured such that each aluminum atom is
onded to three oxygen atoms, and therefore does not need a
econdary oxygen source to deposit aluminum oxide. AIP, like
ther metal alkoxides, tends to oligomerize through intramolec-
lar metal–oxygen bridging. Oligomerization makes the AIP
ore stable than and less volatile than TMA.2,3 AIP’s vapor

ressure is less than 1 Torr at 60 ◦C. Dimethyaluminum iso-

ropoxide (DMAI) incorporates aspects of both TMA and AIP
nto its structure. The vapor pressure of DMAI is approximately
0 Torr at 60 ◦C, and is relatively stable. Aluminum atoms in
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MAI are attached to two carbon atoms and one oxygen atom,
aking the deposition of aluminum oxide without the need of a

econdary oxygen source a possibility.
Koh et al. first reported CVD of aluminum oxide films.4 Since

hen, aluminum oxide films have been deposited from DMAI via
VD with O2,5 H2O,6 and N2O8; by DMAI atomic layer depo-

ition (ALD) with H2O9–11; and by DMAI plasma-enhanced
LD (PE-ALD) in an oxygen plasma.7

In this paper we report the DMAI-sourced CVD of aluminum
xide films deposited on Si (100) substrates. We compare result-
ng film composition and reaction kinetics to films deposited
rom TMA and AIP.

. Experimental details

.1. Synthesis of DMAI

Dimethylaluminum isopropoxide (DMAI) was prepared
ollowing a reported procedure.8,9 A 100 mL Schlenk flask
quipped with a magnetic stir bar was charged with isopropyl
lcohol (15.0 mL, 0.196 mol). The alcohol was degassed and
ooled to −78 ◦C using a mixture of dry ice and acetone.
rimethylaluminum (14.373 g, 0.1994 mol) was then slowly

dded to the alcohol over 30 min. The reaction was allowed to
ontinue for 30 min after gas evolution had ceased. A clear, col-
rless liquid was produced. The 1H NMR spectrum (not shown)
as consistent with DMAI spectra reported in the literature.9

dx.doi.org/10.1016/j.jeurceramsoc.2010.02.015
mailto:bridget.rogers@vanderbilt.edu
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ig. 1. Representative plot of film thickness versus deposition time as deter-
ined by in situ spectroscopic ellipsometry.

.2. CVD process

Films were deposited from DMAI in a high vacuum CVD
eactor which has previously been described in detail.10 Spec-
roscopic ellipsometry optics (J.A. Woollam M2000-D, Lincoln,
E, USA) were mounted to the chamber behind fused quartz
indows at nominally 73◦ from sample normal.
Substrates temperature during deposition ranged from 417 to

59 ◦C. Substrate temperature was calibrated to heater set point
sing a silicon wafer embedded with five thermocouples. DMAI
recursor was delivered from a bubbler held at 40 ◦C using 5
tandard cubic centimeters per minute (sccm) of ultrahigh purity
itrogen as the carrier gas. Gas transfer lines between the bubbler
nd the reactor chamber were maintained at 60 ◦C to prevent
ondensation. The total reactor pressure during deposition was
pproximately 1.5 mTorr, and the DMAI partial pressure was
pproximately 0.5 mTorr.

Three inch diameter n-type Si (100) substrates were used.
-terminated silicon substrates were prepared by cleaning in a
vol.% HF/deionized water (DI) solution for 90 s, rinsing with
I water for 120 s, and blowing dry with nitrogen.11

In situ spectroscopic ellipsometry was used to monitor depo-
itions. Substrates were introduced to the reactor and allowed
o equilibrate at the desired temperature before the precursor
as introduced to the chamber. Fig. 1 is a representative plot of

hickness versus deposition time collected during a DMAI CVD
rocess.

.3. Film characterization

Film thickness was determined using spectroscopic ellipsom-
try (J.A. Woollam M-2000D, Lincoln, NE, USA). Psi and delta
alues were collected in the photon energy range of 1.2–6.5 eV.
second set of optics was mounted on a tabletop base for ex situ

llipsometry analysis. Ellipsometry data were analyzed using

oftware provided by the instrument manufacturer. The opti-
al constants of the prepared substrates were collected prior to
eposition, and a Cauchy dispersion layer was used to model
he deposited film.

d
s
i
s

ig. 2. XPS survey spectrum acquired from a film deposited from dimethylalu-
inum isoproxide.

Film elemental composition and bonding were determined
sing X-ray photoelectron spectroscopy. All analyses were
erformed on a PHI Versaprobe XPS Microprobe (Physi-
al Electronics, Inc., Chanhassen, MN, USA) using a 50 W
onochromatic Al K� X-ray beam (1486.6 eV) and a 200 �m

pot size. Photoelectrons were collected into a concentric hemi-
pherical analyzer. The analyzer pass energy was 187.85 or
3.50 eV for acquisition of survey or high-resolution spectra,
espectively.

. Results and discussion

.1. Film composition

Fig. 2 is the XPS survey scan of a nominal 125 Å thick film
eposited at 599 ◦C. Aluminum, oxygen, and carbon were the
nly detected elements. Peaks located at approximately 100 and
50 eV binding energies are related to energy-loss phenomena of
he Al 2p and Al 2s peaks and not due to the presence of silicon.
he thickness of the film analyzed in Fig. 2 was larger than

he escape depth of photoelectrons ejected from silicon atoms.
ilicon peaks were present in spectra acquired from nominally
0 Å thick films. These silicon peaks were assumed to originate
rom the silicon substrate since they were not present in thicker
lms.

The spectrum collected from the Si 2p region of a nomi-
al 50 Å thick film deposited at 417 ◦C is shown in Fig. 3. The
eak shape consisted of one asymmetric peak and was consis-
ent with elemental silicon from the substrate. No peaks were
bserved in the Si 2p spectrum to suggest silicon oxide or alu-
inum silicate. Therefore the observed oxygen and aluminum

ignals were collected from the entire film thickness and the
xygen was associated with the film, not an interfacial SiOx

ayer.
The atomic composition of nominal 50 Å thick films was
etermined by XPS and is displayed in Figs. 4 and 5. Each
ample was sputter cleaned in the analysis chamber using Argon
on beam (500 eV Ar+, 300 nA/cm2, angle of incidence of 55◦ off
ample normal) to remove adventitious hydrocarbons. Spectra
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Fig. 3. High-resolution XPS spectrum collected from Si 2p region of 50 Å thick
aluminum oxide film deposited on H-terminated silicon substrate at 417 ◦C.
Peak position suggests that silicon signals originated from silicon substrate and
not oxide or silicate layer.
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ig. 4. Ratio of oxygen to aluminum atoms in films deposited from dimethyla-
uminum isopropoxide as determined by XPS anlayses.

ollected from the Al 2p and O 1s regions (not shown) contained

eaks at positions consistent with aluminum oxide, and did not
uggest that reduction occurred due to the ion beam cleaning.
eak areas were normalized using PHI sensitivity factors.12,13

ig. 5. Carbon content of films deposited from dimethyaluminum isopropoxide.
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ig. 6. Deposition rate of aluminum oxide films deposited from dimethylalu-
inum isopropoxide.

wo corrections were applied to the data prior to quantification: a
orrection to the sensitivity factors to account for the asymmetry
f the photoionization process due to the geometry of the XPS
ystem, and a correction to the measured peak area to account
or the transmission characteristics of the analyzer optics.14

Oxygen to aluminum atom ratio in films is plotted as a
unction of deposition temperature in Fig. 4. At all deposition
emperatures the oxygen to aluminum atom ratio was higher than
hat of stoichiometric Al2O3. Oxygen to aluminum atom ratio
ecreased with increasing deposition temperature. The trend of
ecreasing ratio with increasing deposition temperature is in
greement with reports of pyrolysis of AIP.15

Fig. 5 presents carbon concentration of deposited films
s a function of deposition temperature. The carbon content
ncreases from approximately 1.5 at.% to more than 8 at.%
or films deposited at 417 and 659 ◦C, respectively. Films
eposited from aluminum acetylacetonate precursors have been
eported to exhibit a similar trend in carbon content with
ncreasing deposition temperature. The carbon incorporation in
he acetylacetonate-sourced alumina films approached 30 at.%,
early 4 times that of our DMAI-sourced films.16,17 Kobayashi
eported an opposite trend in carbon incorporation as a function
f deposition temperature in the deposition of alumina from the
yrolysis of AIP.18

.2. Deposition kinetics

Fig. 6 plots film deposition rate of 17 samples versus recipro-
al substrate temperature. Deposition rate is defined as the total
lm thickness at the wafer center, measured by ex situ spectro-
copic ellipsometry, divided by the deposition time. Deposition
ime was defined as the elapsed time when the precursor bubbler
as open. The plotted point at each temperature indicates the
verage deposition rate of all films deposited at that temperature.
rror bars indicate the standard deviation of deposition rates at
ach temperature.
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Deposition rates ranged from approximately 0.2 to 10 Å/min
nd the rate increased with increasing deposition temperature.
ilm growth was observed at all temperatures. This obser-
ation is in agreement with previous reports indicating that
MAI decomposition begins in the range 300–500 ◦C.7,15,19

eposition rate appeared linear with reciprocal temperature
hen plotted on a semi-logarithmic scale, and this sug-
ested a kinetically controlled deposition mechanism under
hese process conditions. The reaction kinetics was assumed
o follow an Arrhenius model, such that there is a linear
elationship between the natural logarithm of the reaction
ate (deposition rate, in this case) and the reciprocal reac-
ion temperature (substrate temperature). A linear regression
as fitted to the natural logarithm of deposition rate ver-

us the reciprocal temperature (R2 = 0.975). The slope of the
ine is equal to the quantity (Ea/R), where Ea is the appar-
nt activation energy and R is the universal gas constant. An
pparent activation energy of 86 kJ/mol was determined for this
ork. For comparison, the reported activation energy of film
eposition from AIP with no co-reactant was reported to be
6 kJ/mol.20

. Conclusion

Chemical vapor deposition of aluminum oxide from dimethy-
aluminum isopropoxide as a function of deposition temperature
as investigated. An effective activation energy for this process
as determined to be 86 kJ/mol. Deposited films were shown

o be oxygen-rich compared to Al2O3, with higher deposition
emperatures resulting in films closer to stoichiometric alumina.
arbon content of the films increased from approximately 1

o 8 at.% at substrate temperatures of 417 and 659 ◦C, respec-
ively. The production of Al2O3 films from dimethylaluminum
sopropoxide requires the removal of carbon atoms from the

epositing film. The deposition rate increased with increased
eposition temperature as shown in Fig. 5. This suggests that
arbon in the precursor was trapped in the film as the deposition
ate increased.
Ceramic Society 30 (2010) 2301–2304
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